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Abstract
Elevated Escherichia coli (E. coli) concentrations at the Maumee Bay State Park (MBSP) Lake Erie beach have resulted in frequent recreational water-quality advisories. After the construction of a wetland along Berger Ditch in Maumee Bay State Park, Oregon, Ohio, samples were collected and analyzed for concentrations of E. coli and microbial source tracking (MST) markers. This study was done by the U.S. Geological Survey, in cooperation with the University of Toledo, to provide data that can be used to help evaluate the effects of the wetland on water quality in MBSP. From July 2015 to February 2016, 116 samples were collected from six sites. Median GenBac (general marker) and E. coli concentrations were higher in samples from Berger Ditch sites than in samples from the wetland sites. No statistically significant difference was found between median E. coli concentrations in samples collected at Berger Ditch sites upstream and downstream from the wetland. The frequency of detection of the human-associated Bacteroides MST marker (HF183) decreased from 39 percent upstream from the wetland to 22 percent downstream from the wetland; however, the HF183 median concentrations from these two groups of samples were nearly the same (2,700 to 2,800 copies per 100 milliliters from upstream to downstream). The waterfowlassociated Helicobacter MST marker (GFD) was detected in 13 percent of samples from the Berger Ditch site upstream from the wetland, although it was not detected in samples from the Berger Ditch site downstream from the wetland. The ruminant-associated MST marker, Rum2Bac, was not detected at any site during this study.
Introduction
Exposure to microbiological pathogens in water contaminated by human and animal feces poses a significant human health risk (World Health Organization [WHO], 2003) . The U.S. Environmental Protection Agency (USEPA, 2012) has developed bacterial water-quality criteria to protect recreational water users from exposure to pathogens (such as bacteria, viruses, and protozoa) at concentrations likely to cause illness. These criteria are based on concentrations of fecal indicator bacteria (FIB), such as Escherichia coli (E. coli) and enterococci, which are used to estimate the potential occurrence of pathogens. FIB generally are nonpathogenic and ubiquitous in human and animal feces. Standard methods used to determine concentrations of FIB do not provide information about the source of contamination others, 2009 and ; therefore, other techniques are used to supplement FIB monitoring data to help identify FIB contributions from human sources. Human-source FIB are of particular concern because they are expected to pose a higher risk to public health than sources of non-human origin (WHO, 1999 and 2003; Colford and others, 2007; Soller and others, 2010) .
Microbial source tracking (MST) can be used to identify and characterize dominant sources of FIB in a water body, thereby enabling water managers to implement source-appropriate remediation strategies to improve water quality. There are currently no standard methods for MST. One of the most commonly used MST methods uses quantitative polymerase chain reaction (qPCR) to detect and enumerate molecular markers; however, no one single method has been identified as the best method for determining sources.
Sources of bacterial contamination contributing to recreational water at Maumee Bay State Park Lake Erie beach in Oregon, Ohio, are not well-characterized. Runoff from fields where biosolids have been applied and septic system failures in the watershed may be contributing to high levels of fecal contamination. Effluent from drainage tiles in fields where biosolids have been applied as fertilizer are known to flow to Wolf Creek and Berger Ditch. Waterfowl, including Larus spp.
(gulls) and Branta canadensis (Canada geese), are also potential contributors of fecal contamination to recreational water at Maumee Bay State Park Lake Erie beach.
In the summer of 2015, a novel wetland was constructed to demonstrate and quantify the ability of ecosystem services to reduce nutrients and fecal microorganisms in Berger Ditch. Concentrations of E. coli elevated above background conditions are frequently detected in water at the Maumee Bay State Park Lake Erie beach, leading to beach advisories (Francy and others, 2013 ; https://ny.water.usgs.gov/maps/nowcast/). Berger Ditch, which discharges to Lake Erie just east of the beach, has previously been characterized as having an important effect on water quality at and near the beach (Francy and others, 2005) .
This report describes the results of research done by the U.S. Geological Survey (USGS), in cooperation with the University of Toledo, to evaluate the effects of a constructed wetland on selected microbiological water-quality constituents in Berger Ditch and Maumee Bay State Park Lake Erie beach. This research is part of a larger effort by the University of Toledo to evaluate the effectiveness of that wetland and other restoration efforts, including a restored floodplain for Wolf Creek. A total of 116 samples were collected from six sites from July 2015 to February 2016 and analyzed for concentrations of E. coli and several MST markers (general Bacteroides-human-, waterfowl-, and ruminant-associated). The results are presented in this report.
Methods of Study Site Descriptions and Sampling Frequency
With a drainage area of approximately 16 square miles (mi 2 ), Berger Ditch flows from south to north and empties into Maumee Bay in Lake Erie 230 feet (ft) east of the Maumee Bay State Park (MBSP) Lake Erie beach ( fig. 1) The wetland cells were designed as a cascading system where elevation decreases by 0.3 m (0.984 ft) between each cell, allowing water to passively flow from the first through the third cell and then to Berger Ditch. Water flows through the subsurface gravel of each wetland cell until entering collection pipes that direct flow between wetland cells. This process is repeated until water is discharged into Berger Ditch and continues toward Maumee Bay. Water-level control structures (WLCSs) provide access for water-sample collection prior to the first wetland cell (WLCS-1), between the first and second wetland cells (WLCS-2), between the second and third wetland cells (WLCS-3), and between the third wetland cell and Berger Ditch (WLCS-4). The retention time for the wetland at the time of this study was calculated to be 2.1 days. This calculation was based on the void space within the wetland cells and the pumping rate from the holding pond.
Sampling was done at six sites as part of this study ( fig. 1 ). Generally, samples were collected twice per weekMonday and Wednesday-for 12 weeks. In Berger Ditch, one site (W1) is upstream from the wetland adjacent to the USGS streamgage (station number 04194085). Three sampling sites are within the wetland at WLCS-1 (W2), WLCS-3 (W4), and WLCS-4 (W5). Samples were collected at site W4 instead of site W5 when WLCS-4 was submerged in overflow water from Berger Ditch after a rainfall event. Another site (W6) is located in Berger Ditch, downstream from where the wetlandtreated water discharges to Berger Ditch. Finally, site (M3) is in Maumee Bay of Lake Erie in the third swimming cove west of the mouth of Berger Ditch.
Rainfall and Streamflow Data
Rainfall data were obtained from a National Weather Service (NWS) station at Toledo Executive Airport (Station Identifier: Toledo Metcalf Field, WBAN: 04848) by accessing the historical data from the National Oceanic and Atmospheric Administration (NOAA, 2016) . Daily rainfall amounts were tabulated, and the sum of the 2 days prior to the day of sampling was calculated for each sample. Samples collected when the sum of the previous 2 days of rainfall was greater than 0.56 inches were classified as wet-weather samples, whereas samples collected when the previous 2 days of rainfall was 0.56 inches or less were classified as dry-weather samples. This classification threshold was determined by examining the distribution of the previous 2-day rainfall data during the entire study period and calculating the 90th percentile.
Sampling Procedures
Samples were collected into sterile 1-liter polypropylene bottles using the hand-dip method as described in the USGS National Field Manual Section 7.1.2.A (USGS, 2014). WLCS sites were sampled by opening the concrete hatch and dipping the sample bottle into the pooled water contained therein. Samples were maintained on ice during transport to the University of Toledo Lake Erie Center laboratory, Oregon, Ohio, and during handling and transport to the Ohio Water Microbiology Laboratory (OWML) in Columbus, Ohio. Two concurrent field replicate samples were collected during the sampling period, both from site W1. Most samples were collected by University of Toledo personnel and shipped to the OWML for processing within 24 hours. Samples collected outside the routine schedule were collected by USGS personnel.
Laboratory Analyses and Associated Laboratory Quality Control
Escherichia coli Analysis
For those samples collected by USGS personnel (collected on February 3, 2016) and all samples collected at Maumee Bay cove 3 (site M3), E. coli concentrations were determined by use of the Colilert Quanti-Tray/2000 method (IDEXX Laboratories, Inc.; Westbrook, Maine). Results for the water samples were recorded as the most probable number per 100 milliliters of sample (MPN/100 mL). The two concurrent replicate samples were processed by use of the Colilert method.
For those samples collected by University of Toledo personnel at sites W1, W2, W4, W5, and W6, analyses for E. coli concentrations were done using the modified mTEC membrane-filtration method (USEPA, 2009). The concentrations of E. coli in the samples were recorded as colony-forming units per 100 milliliters (CFU/100 mL).
Microbial Source Tracking Marker Analyses
DNA Extraction and qPCR Analyses
In the OWML, an aliquot of each water sample (up to 100 milliliters [mL]) was filtered through a 0.4-micrometer, 47-millimeter polycarbonate filter (Whatman; Florham Park, N.J.). Filters were then folded aseptically and placed into 2-mL screw-cap vials containing 0.3 grams of acid-washed glass beads (Sigma-Aldrich Corp.; St. Louis, Mo.). Negative controls (filter blanks) were filtered each day that samples were processed using sterile buffered water. Filtered samples were then stored at -70 degrees Celsius (°C) until subsequent analysis.
Samples underwent DNA extraction by means of the DNA-EZ extraction kit from GeneRite (North Brunswick, N.J.). The extraction was done according to the manufacturer's instructions, except that no prefilter was used. Negative extraction controls (extraction blanks), consisting of a 2-mL vial containing only acid-washed glass beads, were processed with each batch of extractions. DNA extracts were stored at 4 °C until subsequent analysis by qPCR within 5 days of extraction.
Sample extracts were analyzed by qPCR for four MST markers: a general Bacteroides marker (GenBac) (Siefring and others, 2008) , a human-associated Bacteroides marker (HF183) (Bernhard and Field, 2000; Seurinck and others, 2005) , a waterfowl-associated Helicobacter marker (GFD) (Green and others, 2012) , and a ruminant-associated Bacteroides marker (Rum2Bac) (Mieszkin and others, 2010) . All qPCR analyses were performed using either an Applied Biosystems StepOne Plus or Model 7500 thermal cycler (Applied Biosystems; Foster City, Calif.). All samples were analyzed in duplicate. No-template controls (qPCR blanks), consisting of molecular-grade sterile water instead of DNA extract, were included on each qPCR plate in duplicate. For all samples, matrix inhibition was tested using matrix spikes, and results from diluted samples were used if inhibition was detected (Francy and others, 2017) .
Standard Curves and Quantifying Microbial Source Tracking Markers
Standard curves were generated using plasmids containing the sequences for each of the targeted MST marker genes (Francy and Stelzer, 2012) . Each qPCR run included a seven-point standard curve run in duplicate. Standard curve characteristics are listed in table 1. Amplification efficiency is calculated from the slope of the log-linear portion of the standard curve, specifically, PCR efficiency = 10 -1/slope -1 (Bustin and others, 2009 ). Conversion of qPCR output to MST marker concentrations was done by interpolating from these standard curves.
To aid in the interpretation of qPCR results, limit of blank (LoB), limit of detection (LoD), and limit of quantification (LoQ) were determined for each assay to describe the lowest concentration of each MST marker that can be differentiated from blank sample results and can be reliably detected and quantified (Francy and others, 2017) . The LoB is the lowest concentration that can be reported with 95-percent confidence to be greater than the concentration of the blanks; it was determined for each qPCR run on the basis of results from negative filtration controls, negative extraction controls, and no-template controls. The LoB was not used to report results unless it was greater than the LoD, in which case the LoB replaced the LoD. The LoD is the lowest concentration of a marker that can be detected with 95-percent confidence that it is a true detection and distinguishable from the blank sample results; LoD was determined by analyzing at least 10 replicates of each of several dilutions of a positive control. The LoQ is the lowest concentration of each MST marker that can be accurately quantified and is calculated from the standard deviation of the LoD replicates. If a sample result was less than the LoQ but greater than the LoD, the result was qualified as an estimate. If the MST marker was not detected in a sample or if the concentration was less than the LoD, then results were reported as less than the sample reporting limit (< SRL). The SRL is specific to each sample and is calculated using the LoD, taking into account the dilution analyzed and the initial sample volume filtered. The LoD and LoQ for each MST assay are listed in table 1.
Quality Control Measures of Variability and Bias
Two field concurrent replicates were collected and analyzed during this study, both from site W1 (table 2, fig. 1 ). For E. coli concentrations, the absolute value log difference (AVLD) for each replicate pair was 0 MPN/100 mL. For the GenBac and HF183 MST markers, the AVLDs ranged from 0.01 to 0.02 copies/100 mL. For the GFD and Rum2Bac MST markers, results were less than the detection limit for both replicates. Among the various negative control samples, 25 filter blanks, 20 extraction blanks, and the 23 qPCR blanks were analyzed. None of the results from these quality-control samples required removal of any data from the datasets. Additionally, none of the results from the negative control analyses required adjustment of established limits of detection or quantification.
Escherichia coli and Microbial Source Tracking Marker Concentrations at Selected Sites Entering Maumee Bay, Lake Erie
Based on the distribution analysis of the rainfall data, samples were classified as occurring during dry or wet weather. Wet-weather conditions occurred during three of the sampling dates with a total of 15 samples. This equates to 13 percent of the 23 sampling dates as well as 13 percent of the 116 total samples collected.
Selected statistical tests were performed to evaluate differences in median concentrations between sampling sites and to evaluate the correlation between the GenBac marker and E. coli concentrations. An alpha level of 0.05 was used to assess statistical significance for all tests.
GenBac MST marker and E. coli concentrations, grouped into dry (boxplots) and wet weather (closed circles) sampling events, are shown in figure 2. Although there were far fewer wet-weather than dry-weather samples collected, some comparisons can be made. GenBac marker and E. coli concentrations during wet weather were in the same range as concentrations during dry weather with two notable exceptions: (1) GenBac concentrations at site W4 during wet weather were lower than concentrations during dry weather and (2) E. coli concentrations in samples collected at site W1 and site W6 during wet weather were higher than those in most or all samples collected during dry weather. Median GenBac and E. coli concentrations, regardless of precipitation, were highest at sites W1 and W6, both in Berger Ditch. HF183, GFD, and Rum2Bac MST markers were not detected frequently enough at greater than the detection limit to be presented in boxplots such as those in figure 2 .
Results of a Wilcoxon rank-sum test (Helsel and Hirsch, 2002) indicate that median E. coli concentrations at sites W1 and W6 (sites upstream and downstream from the wetland in Berger Ditch) were not significantly different (p = 0.43). However, results of this same test indicate that median GenBac marker concentrations at sites W1 and W6 were significantly different (p = 0.01). The median GenBac concentrations at sites W1 and W6 were 1.7 x 10 7 and 7.8 x 10 6 copies per 100 mL, respectively.
E. coli and MST marker concentration results are presented in appendix 1. Wet-weather sampling dates (7/20/2015, 8/3/2015, and 8/31/2015) are shaded and detections of the MST markers HF183 and GFD are bold. The general marker (GenBac) was detected in all samples and ranged in concentration from 3.1 x 10 4 to 1.2 x 10 8 copies/100 mL. Results of Spearman's rank correlation analysis indicate that log concentrations of the GenBac marker correlate with log concentrations of E. coli (rho = 0.51, p < 0.0001). Of the 21 detections of the HF183 human-associated marker, 14 occurred on just four sampling dates. HF183 was detected at three or more sites on each of those four dates, and only one of the four dates was classified as wet weather (appendix 1). The Rum2Bac marker was not detected at greater than the sample reporting limits in any sample (data not shown).
Summary statistics with combined wet and dry weather results for the HF183 and GFD MST markers are presented in table 3. Although the percent detection of HF183 was lower for Berger Ditch site W6 (22 percent) than for W1 (39 percent), the median concentration of those detections was about the same for W1 and W6 (2.7 x 10 3 and 2.8 x 10 3 copies/100 mL). The GFD waterfowl maker was detected in 13 samples, most frequently at site W5. This was unexpected because this site was a WLCS site and thus closed off from direct contact with waterfowl feces, but the presence of the GFD marker could have been the result of waterfowl using the wetland holding pond. Two samples contained GFD concentrations nearly 1 log and 3 logs greater than all other detections (6.0 x 10 4 copies/100 mL at site W1 on September 23, 2015, and 1.2 x 10 6 copies/100 mL at site M3 on August 31, 2015).
In this study, samples were collected and analyzed for E. coli and MST marker concentrations at six sites in and near a subsurface treatment wetland constructed in Maumee Bay State Park. These data are available for review or download from the USGS National Water Information System Web Interface and can be found using the hyperlinks associated with the site numbers in table 3 (USGS, 2018). Given the low frequency of detection of MST markers such as HF183 and GFD, a larger dataset with multiple years of sampling under varied hydrologic conditions would likely help to characterize fecal sources while also providing more information with which to evaluate the efficacy of restoration efforts. Additionally, given the estimated 2-day retention time of the wetland, high-frequency synoptic sampling during dry-and wet-weather conditions could improve the understanding of the wetland's effect on the reduction of fecal microorganism contributions to Lake Erie. [Microbial source tracking markers are reported in copies per 100 milliliters; ND, not determined because there were not enough detected concentrations; median concentrations were reported only when there were greater than two detections; HF183, human-associated Bacteroides marker; GFD, waterfowl- 
Summary
A study was conducted by the U.S. Geological Survey in cooperation with the University of Toledo to evaluate the effects of a constructed wetland on microbial water-quality constituents. Elevated Escherichia coli (E. coli) concentrations at the Maumee Bay State Park (MBSP) Lake Erie beach have resulted in frequent recreational water-quality advisories. Sources of these elevated E. coli concentrations at the beach are not well understood, but previous studies have indicated that Berger Ditch has an important effect on water quality at and near the beach. Putative sources of fecal contamination that may affect the study area include runoff and (or) drainage from fields that have been treated with biosolids applied as fertilizer, failing septic systems, and waterfowl.
As part of an effort to improve water quality at the MBSP Lake Erie beach, the University of Toledo designed and implemented a novel wetland along Berger Ditch. Sampling was done in 2015 and early 2016 to determine concentrations of E. coli and selected microbial source tracking (MST) markers in and around the wetland. The specific MST markers analyzed were a general Bacteroides marker (GenBac), a human-associated Bacteroides marker (HF183), a waterfowlassociated Helicobacter marker (GFD), and a ruminant-associated Bacteroides marker (Rum2Bac). Samples were collected from 6 sites: 2 were in Berger Ditch (W1, upstream from the wetland and W6, downstream from the wetland), 3 were in subsurface water-level control structures within the wetland (W2, before the first wetland cell; W4, between wetland cells 2 and 3; and W5, between wetland cell 3 and re-entry to Berger Ditch), and 1 was in the swimming area at the Lake Erie beach at MBSP (M3).
Median GenBac and E. coli concentrations were highest in samples from sites in Berger Ditch (W1 and W6), and lower concentrations were present in samples from wetland sites (W2, W4, and W5). The effect of the wetland (if any) on removal of E. coli and GenBac in Berger Ditch is uncertain. The results of a Wilcoxon rank-sum test indicate that median E. coli concentrations at sites W1 and W6 (sites upstream and downstream from the wetland in Berger Ditch) were not significantly different (p = 0.43). However, results of this same test indicate that median GenBac marker concentrations at sites W1 and W6 were significantly different (p = 0.01). The median GenBac concentrations at sites W1 and W6 were 1.7 x 10 7 and 7.8 x 10 6 copies per 100 milliliters (mL), respectively.
The source-associated MST markers were not detected frequently enough to draw conclusions regarding the wetland's effect on their fate and transport in Berger Ditch. In the 116 samples analyzed, HF183 was detected only 21 times, and GFD was detected only 13 times. Rum2Bac was not detected in any of the samples analyzed. Although the percent detection of HF183 was somewhat lower at site W6 (22%) than at site W1 (39%), the median concentration of those detections was about the same at both sites (2.7 x 10 3 copies/100 mL at site W1 and 2.8 x 10
3 copies/100 mL at site W6). GFD was detected most frequently at site W5. This was unexpected because this was a subsurface site, but the presence of GFD could have resulted from waterfowl using the wetland holding pond. Given the low frequency of detection for MST markers and the complexity of the wetland at Berger Ditch, a larger dataset with multiple years of sampling data could provide more information to evaluate the efficacy of the water-quality restoration efforts in Maumee Bay State Park. High-frequency synoptic sampling in and around the wetland during various hydrologic conditions also could provide more resolution for the effect of the wetland on microbiological constituents of concern. 
